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Abstract
We report the low-temperature growth of vertically aligned carbon nanotubes (CNTs) at high
growth rates by a photo-thermal chemical vapour deposition (PTCVD) technique using a Ti/Fe
bilayer film as the catalyst. The bulk growth temperature of the substrate is as low as 370 ◦C
and the growth rate is up to 1.3 µm min−1, at least eight times faster than the values reported by
traditional thermal CVD methods. Transmission electron microscopy observations reveal that
as-grown CNTs are uniformly made of highly crystalline 5–6 graphene shells with an
approximately 10 nm outer diameter and a 5–6 nm inner diameter. The low-temperature rapid
growth of CNTs is strongly related to the unique top-down heating mode of PTCVD and the use
of a Ti/Fe bimetallic solid solution catalyst. The present study will advance the development of
CNTs as interconnects in nanoelectronics, through a CMOS-compatible low-temperature
deposition method suitable for back-end-of-line processes.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Carbon nanotubes (CNTs) have exhibited unique electrical,
thermal and mechanical properties such as high current density
and ballistic transport, and thus are potential candidates for
replacing Cu interconnects in nanoelectronics, where Cu
nanoscale wirings fail to meet the predicted current density
demands imposed in large scale integration circuits of the
future [1, 2]. However, present CMOS devices are fabricated
with back-end-of-line processes at temperatures below 400 ◦C,
which is a challenge for growing high-quality CNTs by
chemical vapour deposition (CVD), even though CVD has
been proved to be a location-selective and orientation-
controllable growth method at bulk scale. The main reason is
that catalysts cannot be restructured and activated, and reactive
species cannot be dissociated and reacted with catalysts at such
low substrate temperatures based on a traditional bottom-up
heating approach. To date, three routes have been attempted
to lower the CNT growth temperature: (1) using various
3 Authors to whom any correspondence should be addressed.
carbon feedstocks with lower dissociation temperature and
high reaction activity with catalysts [3], (2) exploring a wide
range of catalysts, such as bimetallic nanoparticles and oxides
with low melting points [1, 4, 5] and (3) introducing a plasma
during deposition with the scope of increasing the dissociation
and ionization of feed gases and concomitantly decreasing
the activation energy of the CNT growth [6, 7]. However,
plasma-based methods inevitably introduce structural defects
into CNTs due to ion bombardment, leading to the formation
of lower-quality carbon nanofibres [8, 9]. Meanwhile, due to
plasma poisoning of catalysts and etching of CNTs, plasma
methods do not favour the growth of both high-quality single-
wall CNTs and ultralong multi-wall CNTs [10]. Traditional
thermal CVD methods are still good candidates for low-
temperature growth of CNTs by using gas preheating, catalyst
pretreatment, etc [11, 12]. However, the present growth rate
of CNTs by thermal CVD is quite low and insufficient for
practical applications of CNTs. Therefore, it is necessary to
develop highly efficient methods to grow high-quality CNTs
at low temperature for the integration of CNTs into CMOS
devices. Here, we demonstrate the low-temperature rapid
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growth of vertically aligned CNTs by a novel photo-thermal
CVD (PTCVD) method using a highly active Ti/Fe alloy
catalyst. The structure of as-grown CNTs is studied by using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and Raman scattering. The rapid growth
mechanism of CNTs is discussed briefly. The field emission
properties of CNTs are investigated at room temperature.
2. Experimental details
Figure 1 shows a schematic diagram of the photo-thermal
CVD system (Surrey NanoSystems) [13, 14]. The new
photo-thermal growth process consists of a halogen lamp
array situated approx. 10 cm above the water cooled low-
temperature sample stage which is CMOS back-end-of-line
process-compatible. The lamp array is separated from the
chamber and cooled by flowing H2/He/N2 gas. The maximum
power of each lamp is one kilowatt and is computer-controlled
to set up the lamp and substrate temperature as required by the
process. The energy balance between the heat energy delivered
by the lamp array and the heat removed by the water-cooled
electrode is finely controlled by the thermal barrier layer above
the substrate [14]. The whole system consists of many program
modules such as the lamp temperature, substrate temperature,
pressure, gas flow, cooling water, etc, which are feedback-
controlled. Unlike traditional thermal CVD, photo-thermal
CVD is a top-down method allowing energy delivery directly
to the catalyst and hence substrate temperature-controlled at
an appropriately low level. It enables a high rate of heating
for structuring the finest catalysts, leading to highly efficient
growth of CNTs. A tri-layer film of 50 nm SiO2, 1 nm Fe
and 0.5 nm Ti was sequentially deposited on Si by magnetron
sputtering. The sample was loaded into the growth chamber
in air. After pumping down to its base pressure, a mixture
gas of 100 sccm H2 and 6 sccm C2H2 was introduced into the
chamber at a working pressure of 2 Torr. Then the top lamp
array was switched on to immediately start the CNT growth for
15 min. The substrate temperature was continuously monitored
by an optical pyrometer embedded in the sample holder, which
was pre-calibrated by a thermocouple located on the surface
of the Si substrates. After deposition, the lamp array was
switched off and the sample was cooled in the ambient of H2.
3. Results and discussion
Figures 2(a) and (b) show a top-view and cross-sectional SEM
images of the CNT sample grown at a substrate temperature
of about 370 ◦C. The surface is uneven with the appearance
of some cross-protruding lines, which are not horizontal CNT
bundles but the tips of vertically aligned CNTs due to different
CNT heights confirmed by high-magnification SEM inspection
(figure 2(d)). They follow the scratches on the catalyst-coated
substrate prior to the CNT deposition, confirmed by atomic
force microscopy (AFM) observations (figure 5(a)). These
findings point to the fact that the CNT growth follows a tip
growth model [15] and the growth temperature is relatively low
as no surface-melting-induced flattening of the metal catalysts
appears to occur on the substrate. The length of CNTs is
Figure 1. Schematic diagram of the PTCVD system.
about 20 µm and the growth rate is calculated as approx.
1.3 µm min−1. This value is about 8–25 times larger than
that of traditional thermal CVD (0.05–0.16 µm min−1) in the
substrate temperature range of 350–475 ◦C [11, 12]. The as-
grown CNTs via PTCVD are in the form of a forest with
vertically aligned bundles with respect to the Si substrate.
They are clean, with no carbon particles and residual catalysts
found among the CNT forest as shown in figure 2(e). This
was further confirmed by the scanning back-scattering electron
imaging technique, which is more sensitive to heavy metal
catalysts than to the lighter element carbon [16]. Figures 2(c)
and (f) show scanning secondary and back-scattering electron
images, respectively, taken from the same top cross-sectional
area of the sample, where energy dispersive x-ray analysis
shows the presence of Fe and Ti metal catalysts (not shown
here). However, a few bright spots related to the metal catalysts
are found in the back-scattered electron image on both the tip
and side areas of CNTs. This reveals the catalysts are tiny and
uniform. Due to their small size, we believe they always retain
a high activity for catalytically growing CNTs.
Figure 3(a) shows a low-magnification TEM image of the
sample, which is prepared by ultrasonicating in methanol and
then filtering through a holey carbon grid. The sample is very
clean and contains few contaminant particles. It only consists
of tangled long CNTs with uniform diameters. The electron
diffraction pattern in the inset is matched well with that of
polycrystalline hexagonal graphite, revealing that the as-grown
CNTs are highly graphitized. Figure 3(b) is a typical high-
resolution TEM image of an as-deposited CNT. The CNT has
a 5–6 nm hollow interior and about 10 nm outside diameter.
It is clearly made of 5–6 graphene shells, which have a typical
graphite (0002) spacing of 0.347 nm. The constituent graphene
layer is essentially crystalline but contains various structural
defects, which are similar to those found in CNTs grown by
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Figure 2. Top-view (a) and cross-sectional (b) SEM images of vertically aligned CNTs; (d) and (e) are the enlarged images of (a) and (b),
respectively; (c) and (f) are scanning secondary and back-scattering electron images, respectively.
other methods at low temperatures [1, 12]. For example, there
are some broken graphene layers, forming some steps and
kinks along both the inner and outer walls of CNTs (pointed out
by a double-line arrow). There are also some rippled graphene
layers formed on the inner side of CNT walls (identified by an
arrow) because the stress in the wall cannot be released at low
temperatures. Meanwhile, some carbon onions or fullerenes
are found on the outer wall of CNTs. These structural defects
destroy the periodicity of graphene shells and make both
the inner and outer walls defective and rougher compared
to high-temperature grown or annealed CNTs, whose walls
are commonly made of clean, straight, ordered and highly
crystalline graphene layers.
Figure 4(a) shows the Raman spectra at room temperature
excited by multiple-wavelength lasers of 2.81 (442 nm), 2.41
(514 nm), 1.96 (633 nm) and 1.58 eV (782 nm) in the
range of 500–3000 cm−1. Their profiles are very similar to
those of CNTs grown by both thermal and plasma-enhanced
CVD at substrate temperatures of 400–550 ◦C [17, 18].
The spectra mainly consist of three bands: a D band at
1307.5–1358.0 cm−1, a G band at 1571.1–1594.2 cm−1 and
a G′ band at 2597.2–2717.0 cm−1, possibly including a
D′ shoulder at 1600–1620 cm−1. The intensity of the D
band is increased with the excitation wavelength, while the
intensity of the G′ band is decreased. Due to the double
resonance effect [19], the frequencies of both D and G′
bands are upshifted with the excitation energy shown in
figure 4(b). They have an energy dispersive coefficient of
40.7 and 98.2 cm−1 eV−1, respectively, both smaller than the
majority of reported values on graphite and single-wall CNTs.
In terms of the nature of the D band from the structural defects
in graphene-based materials, the ratio (ID/IG) of integrated
intensities of the D to G bands usually has been considered as a
fingerprint for the evaluation of the crystal quality of graphene-
based materials. The ID/IG ratios of D to G bands for four
kinds of laser excitations of 442, 514, 633 and 782 nm are
0.8, 1.3, 2.0 and 3.0–6.5, respectively. The ratio is increased
with the excitation wavelength, as observed in other graphitic
materials [20]. The ratio with the 782 nm laser excitation
is not well defined, because the D′ and G bands cannot be
distinguished well due to the resonant excitation. Meanwhile,
a broad peak related to amorphous carbon at about 1500 cm−1
is also activated by the 782 nm laser and thus significantly
influences the intensity of the G band. Thus, to accurately
evaluate graphene-based materials, the comparison of both
the D band intensity and the D to G band ratio for different
samples should be based on identical laser excitation. Here,
the ratio (ID/IG = 1.3) for the 514 nm excitation from our
samples is less than that (ID/IG = 3.4) of CNTs deposited
by radio-frequency plasma CVD at a substrate temperature
3
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Figure 3. (a) and (b) Low-magnification and high-resolution TEM
images of CNTs. The inset is the electron diffraction pattern.
of 500 ◦C [18], and less than that (ID/IG = 2.1–2.6) of
CNTs grown by thermal CVD at a substrate temperature of
400–550 ◦C [17]. This shows that the CNTs grown by PTCVD
are of higher quality with only some structural defects.
It is interesting to explore the fast growth mechanism
of CNTs at low temperature by PTCVD. Like hot filament
CVD [21], PTCVD is a top-down method. It has the
advantages of directly transferring thermal energy to the
catalyst, heating only the substrate surface and preventing
possible impurities from the filament to poison the catalyst
compared to hot filament CVD. Different from traditional
furnace-based thermal CVD, PTCVD offers a fast heating
mode to the required temperature within seconds and enables
the catalytic metal film to be nanostructured by preventing
metals from been alloyed, diffused, coarsened, etc. PTCVD is
purely a thermal process without the interference of plasmas.
This precludes the negative effects of ion-bombardment-
induced poisoning of catalysts and etching of CNTs, which
commonly occurs in plasma-based CVD. We carried out a
control experiment with an extra 550 V/90 mA DC plasma.
Only a few CNTs are found on the substrate. The DC
plasma does not enhance the CNT growth as expected.
Meanwhile, both theoretical calculations and experimental
studies have reported that dual metal catalysts have higher
activities compared to single metals. One of the dual metals
could enhance the nucleation of CNTs and the other could
essentially increase the CNT growth [22]. They usually
have a lower melting point and specifically benefit low-
temperature growth of CNTs by lowering the activation energy
Figure 4. (a) Raman spectra of CNTs with excitation by various
wavelength lasers and (b) the energy dispersion of peak positions of
D and G′ bands.
due to the synergistic effects of the bimetals. Fe/Ti binary
catalysts have been used to catalytically grow CNTs. However,
they demonstrate different activities for CNT growth, which
are critically dependent on the deposition method [23, 24].
In traditional thermal CVD, Fe/Ti catalysts are completely
inactive because Ti has a high solubility in Fe, leading to the
formation of a large particle. In contrast, Fe/Ti can catalytically
grow mm long CNTs by grid-inserted plasma CVD at 600 ◦C.
It is worth noting that, at the substrate temperature of 400 ◦C,
the growth rate is only around 0.1 µm min−1, 13 times smaller
than values recorded in this study. Here, in our PTCVD
system, Fe/Ti bilayer thin films absorb incident light energy,
interdiffuse and rapidly form a solid solution, which can be
shown by annealing the sample in an H2 ambient. Figure 5
shows AFM topographic images of an as-sputtered Fe/Ti
bilayer film and an H2 annealed film at 370 ◦C for 3 min, which
have a roughness of 0.71 ± 0.16 nm and 0.49 ± 0.09 nm,
respectively. Different from traditional thermal CVD [11],
the annealed sample is smoother than the pristine one. This
indicates that the sputtered nanoclusters in the Fe and Ti films
migrate, mix and ripen, resulting in a ‘solid solution’, which is
made of uniformly, dense and fine Fe/Ti nanocatalysts rather
than isolated large nanoparticles formed by traditional bottom-
up heating [11]. This ensures that the CNTs catalytically
grow via a solid surface reaction with C2H2 [15]. The high
density of nanocatalysts and the high CNT yield result in
their vertical alignment, possibly aided by van der Waals
interactions of adjacent CNTs with each other. Another
possible mechanism of rapid CNT growth is ascribed to the
formation of a ternary solid solution of highly active Ti–Fe–
O particles due to catalyst exposure in air for a longer time
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(a) (d)
(b) (e)
(c) (f)
Figure 5. (a) and (b) AFM images of the pristine and H2 annealed Fe/Ti thin film at 370 ◦C, respectively; (d) and (e) enlarged AFM images
of (a) and (b), respectively. (c) and (f) Line scan profiles taken from red and blue lines in the images (a), (b) and (d), (e), respectively.
period (more than one year) and without an H2 pre-reduction
process [25]. Details of the rapid low-temperature growth
mechanism of CNTs are not so clear. However, it is predicted
that the growth rate would have a nonlinear relationship with
time [26], different from a standard CVD system operating
in a bottom-up heating mode, because the growth will be
different as the growing CNTs can effectively absorb the
light energy better and further increase the ‘local’ growth
temperature resulting in the high rate of growth. When the
substrate temperature is increased to 400 ◦C, the growth rate
can reach 2.1 µm min−1. The lowest growth temperature could
be room temperature [8], but on Ni nanoclusters high-quality
CNTs can be directly grown at less than 350 ◦C by optically
assisted DC plasma [14]. In this PTCVD growth system, the
substrate temperature is significantly affected by the working
pressure. At low pressures down to around 10−4 Torr,
there is less expedient heat removed by the conventional gas
flows and the substrate temperature can be up to 700–800 ◦C,
giving high-quality single-wall CNT growth. Influence of
various growth parameters such as time, temperature, pressure,
gas composition and catalysts on the growth rate are being
investigated in detail.
The field emission measurement was carried out in a
vacuum chamber with a base pressure below 10−6 Torr at
room temperature by using a diode configuration with a 1 mm
diameter stainless steel tip as the anode. The distance between
the tip and the cathode was controlled at 50–100 µm by a
digital micrometre controller with a 2.5 µm step. A small
amount of silver paste was put on the top corner of the
sample to make good contact between the CNT surface and the
cathode stage. Figure 6 shows the relation of emission current
density as a function of the applied electrical field of CNTs.
The threshold field at the current density of 10 µA cm−2 is
approximately 13.9, 14.1 and 21.1 V µm−1 for a distance
between the anode and cathode of 50, 75 and 100 µm,
respectively. The values are close that of carbon nanoflake
5
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Figure 6. Emission current density as a function of applied electrical
field for CNTs.
films [27], larger than that of high-temperature-grown CNTs
and other carbon nanostructures [21, 28]. The higher threshold
field is believed due to the following three reasons: (1) the high
density (about 1011–1012 cm−2) of CNTs leads to the screening
effect around the CNT tips and significantly decreases the field
enhancement factor [29], (2) lower crystalline quality of CNTs
affects the electron transport and emission and (3) closed cap
and encapsulated metal could worsen the emitting site and
the work function of the CNT tips. Thus, it is necessary for
practical applications of CNTs to control their density and
further improve their crystalline quality.
4. Conclusions
Vertically aligned CNT forests have been grown at 370 ◦C
by a one-step PTCVD method. The growth rate is as high
as 1.3 µm min−1, being faster than most other thermal CVD
methods. The CNTs are composed of few-layer crystalline
graphene sheets with a 5–6 nm diameter hollow interior with
some structural defects ascribed to the low growth temperature.
Raman scattering provides supporting evidence that the as-
grown CNTs are of high quality, better than CNTs grown
at higher temperatures by traditional CVD methods. AFM
topography studies confirm the fast top-down heating mode
of the PTCVD leads to the formation of an Fe/Ti uniform
solid solution, which greatly improves the CNT growth. The
PTCVD growth method of CNTs at low temperatures offers the
potential for exploiting the integration of high-quality CNTs
into CMOS devices.
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